A series of buried CoSi 2 layers prepared by a modified molecular beam epitaxy process ͑allotaxy͒ and a subsequent wet-oxidation process was investigated by x-ray scattering. The oxidation time which determines the depth in which the CoSi 2 layers are located within the Si substrates has been varied during the preparation. The electron density profiles and the structure of the interfaces were extracted from specular reflectivity and diffuse scattering measurements. Crystal truncation rod investigations yielded the structure on an atomic level ͑crystalline quality͒. It turns out that the roughness of the CoSi 2 layers increases drastically with increasing oxidation time, i.e., with increasing depth of the buried layers. Furthermore, the x-ray data reveal that the oxidation growth process is diffusion limited.
I. INTRODUCTION
The growth of thin metallic silicides on silicon is of great technological relevance. Silicides are used in integrated circuits as contacts and interconnections. Epitaxial CoSi 2 silicides can be produced by molecular beam epitaxy ͑MBE͒ [1] [2] [3] or ion beam synthesis ͑IBS͒. [4] [5] [6] Both techniques, MBE and IBS, have been successfully employed to produce high quality CoSi 2 layers. Many studies concentrated on the detailed structural questions concerning these growth modes. A modified MBE process ͑allotaxy͒ was developed by S Mantl et al. to produce epitaxial CoSi 2 films also on Si͑001͒ surfaces. 7, 8 The structural and interfacial properties of allotaxially grown films were studied by x-ray diffraction in a preceding work. 3 In this article, we present a systematic study of the interfacial and the atomic structure of allotaxially grown CoSi 2 samples which have been treated by a subsequent wet-oxidation process. Oxidation produces a SiO 2 layer on top of the silicide layer which is pushed deeper into the substrate without loosing its integrity. Recently it has been shown that local oxidation of thin epitaxial CoSi 2 films is a new versatile method for producing silicide nanostructures. [9] [10] [11] [12] [13] For applications in microelectronic devices the interfacial roughness and the homogeneity of the layer systems is of great importance. Since the oxidation process may alter these properties drastically, a study of samples in different stages of oxidation was necessary. In this work, we have studied the mesoscopic properties ͑e.g., film thicknesses and roughnesses͒ and the atomic structure ͑i.e., the crystalline quality and lattice parameters͒ of various samples grown by molecular beam allotaxy ͑MBA͒. X-ray reflectivity was used to monitor the vertical density profile and diffuse scattering for the investigation of the lateral interface structure. Additionally, crystal truncation rods ͑CTRs͒ in the vicinity of Bragg reflections were measured to obtain information about the atomic structure ͑crystalline quality͒. Furthermore, transmission electron microscopy ͑TEM͒ was applied to compare the x-ray results which yield a global averaged picture of the samples, with the local information from the TEM images.
This article is organized as follows: In Sec. II the samples and the sample preparation are presented. Section III contains a description of the x-ray experiments and the data analysis. The results are discussed in terms of the preparation conditions in Sec. IV.
II. SAMPLES AND PREPARATION
Epitaxial CoSi 2 layers on Si͑001͒ with thicknesses of 300 Å were grown by MBA at a substrate temperature of 380°C. 7, 8 Subsequently, wet oxidation was applied to six samples to grow SiO 2 on top of the silicide layer. During MBA growth the Si deposition rate was kept constant, whereas the deposition rate of the Co was increased linearly until the peak concentration of 31% was reached. This produced small and discrete precipitates of CoSi 2 embedded in a homogeneous Si matrix. After this a rapid thermal annealing process was applied at 1100°C for 20 s in a 90%/10% N 2 /O 2 atmosphere. The annealing leads to precipitate coalescence and finally to a homogeneous CoSi 2 film. Wet oxidation in steam formed an amorphous SiO 2 layer on top of the silicide. The thickness of the SiO 2 layer depends on the oxidation time. The samples are denoted as CS#1-CS#6 in the following, with a CoSi 2 layer of thickness d CoSi 2 Ϸ300 Å and SiO 2 layer thicknesses d SiO 2 within the range 100 Å Ͻd SiO 2 Ͻ2000 Å ͑see Table I͒ .
III. X-RAY EXPERIMENTS
The experiments were performed using a two-circle diffractometer. The x-ray beam was produced by a 18 kW rotating anode ͑Simens XP18͒ with a copper target. A Ge͑111͒ monochomator selects the wavelength of the Cu K␣ 1 line ͑ϭ1.540 56 Å͒. Slits define a beam size of 0.3ϫ5 mm 2 at the sample position. The scattered intensity is detected by a NaI scintillation counter.
We applied different x-ray techniques to measure the interfacial properties of the samples. By analyzing the specular reflectivity of each sample a vertical density profile is obtained. Particularly, the rms-roughnesses and the layer thicknesses of the interfaces can be determined accurately with this method. However, it turns out that the diffuse scattering of all samples is rather large and has to be carefully subtracted from the reflectivity data before the analysis. The diffuse scattering also contains information about the lateral structure of the interfaces, namely the lateral correlation lengths and roughness exponents. [14] [15] [16] [17] [18] [19] [20] [21] [22] However, in this article the diffuse scattering will be discussed only qualitatively. While reflectivity measurements in the region of small incidence and exit angles give no information about the atomic structure of the sample, measurements in the vicinity of the ͑004͒ Bragg reflection, i.e., CTR measurements, yield information about a possible strain in the grown CoSi 2 layers and the crystalline quality of the films in general.
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A. Specular reflectivity and diffuse scattering
The condition for specular reflectivity is ␣ i ϭ␣ f , i.e., the incident angle equals the exit angle during a reflectivity scan. Since the real part of the refraction index nϭ1Ϫ␦ϩi␤
Ϫ6 ) is slightly smaller than unity for hard x rays ͑ϳ1 Å͒, total external x-ray reflection occurs for incident angles ␣ i р␣ c , where ␣ c Ӎͱ2␦ϳ0.2°-0.5°depending on the wavelength and the material. 26 Thus, glancing angles are required. For reflectivity measurements the wave vector transfer qϭk f Ϫk i , with the wave vectors of the incident and scattered radiation k i, f , has only a component q z ϭ(4/)sin ␣ i perpendicular to the sample surface. Hence x-ray reflectivity probes the vertical structure of a sample averaged over the illuminated area. The theory of specular reflectivity has been developed in the last decades and is now very well known. We have analyzed our data according to the standard procedure based on the recursive formalism given by Parratt 27 ͑for details, see e.g., Refs. 22, 25, and 28-31͒. Figure 1 depicts the measured reflectivities of the six samples as a function of the vertical wave vector transfer q z . Qualitatively, the following conclusions can be directly obtained from the data. All curves show a typical total external reflection plateau region for q z Ͻq z;c, SiO sity of SiO 2 and the second critical angle is caused by the buried CoSi 2 films. This shows that for all samples the CoSi 2 layers and the SiO 2 films are homogeneous. For larger q z the reflectivity drops rapidly and oscillations stemming from interference of the reflected x rays from different interfaces are superimposed over the curves. Here, the modulation period corresponds to the CoSi 2 layer thickness ͑see below͒. For a single layer the thickness d is related to the modulation period ⌬q z via dϭ2/⌬q z . However, the reflectivities shown in Fig. 1 cannot be refined directly using the Parratt algorithm because the diffuse scattering has to be subtracted carefully first. This situation is displayed in Fig. 2 , which shows four transverse scans ͑''rocking curves''͒ obtained at different fixed detector positions ϭ␣ i ϩ␣ f for sample CS#5 ͑see Table I͒ . The topmost curve was measured at ϭ0.6°. At ␣ i ϭ/2 the sharp specularly reflected peak appears on top of rather narrow diffusely scattered intensity. The intensity of the specular part is at least one order of magnitude higher than the diffuse part. This is already different for the transverse scan that has been recorded for ϭ0.8°͑see second curve in Fig. 2͒ . Now only a small amount of the whole intensity at ␣ i ϭ/2 corresponds to the specular reflectivity. The diffuse scattering is even larger than the reflectivity, particularly at the positions of the Yoneda peaks. 14, 25, 28, 33 The rocking curves for ϭ1.0°and ϭ1.5°show that all scattering is essentially diffuse and no sharp resolution limited component can be seen. Thus, all intensity at the specular condition ␣ i ϭ/2 has to be treated as diffuse scattering. The vanishing of the specular intensity at q z values of about q z ϳ0.15 Å Ϫ1 is a clear signature of rough interfaces. The usual strategy of separating the diffuse scattering at ␣ i ϭ/2 from the specular reflectivity is to perform a socalled ''longitudinal diffuse scattering scan''. This scan is basically a reflectivity with ␣ i ϩ⌬␣ i ϭ/2. The offset ⌬␣ i has to be much larger than the FWHM of the specular peak in a rocking scan. If the diffusely scattered intensities at ␣ i ϭ/2 and ␣ i ϩ⌬␣ i ϭ/2 are comparable, the true specular intensity is determined simply by the measured intensity at ␣ i ϭ/2 minus the intensity recorded at ␣ i ϩ⌬␣ i ϭ/2.
However, in our case this condition is not valid for small ͑see Fig. 2͒ . For example, at ⌬␣ i ϭ0.1°͑vertical dashed line͒ the diffusely scattered intensity at ϭ0.6°is much lower than that at the specular condition ⌬␣ i ϭ0.0°. At ϭ0.8°the situation is reversed. We obtained the longitudinal diffuse scattering at the specular condition in the following way: ͑i͒ For very small incidence angles ␣ i the diffuse intensity at ␣ i ϭ/2 was estimated from a few rocking scans and not by measuring a longitudinal diffuse scan. This procedure is applicable because the diffuse intensity is at least one order of magnitude less than the specular peak in this region. ͑ii͒ For large incidence angles ␣ i the diffuse intensity at ␣ i ϭ/2 is identical to the measured diffuse intensity at an offset ⌬␣ i except for a small intensity offset which has to be taken into account. ͑iii͒ For ␣ i values in the intermediate region we determined the ratios between the diffuse intensity at ␣ i ϭ/2 and ␣ i ϩ⌬␣ i ϭ/2 at several from some rocking scans. Depending on these ratios have been used to scale the measured longitudinal diffuse scan (␣ i ϩ⌬␣ i ϭ/2). This method is more accurate than method ͑i͒ because the measured longitudinal diffuse scan is used as the base to get the intensity at ␣ i ϭ/2. After these corrections we obtain the true longitudinal diffuse intensity at the specular condition ͑see thin lines in Fig. 1͒ that has to be subtracted from the reflectivity data. Hence only the intensity marked by the shaded regions in Fig. 1 has to be taken into account for a reflectivity fit ͑see Fig. 3͒ to obtain the density profiles of the samples.
B. Truncation rod scattering
CTRs [23] [24] [25] were measured for samples CS#1-CS#4. CTRs in the vicinity of the ͑004͒ substrate Bragg reflections were recorded by performing scans with ␣ i ϭ␣ f , i.e., by measuring wide angle reflectivities. The wave vector transfer ͉q͉ now is on the order of inverse atomic spacings. Hence, the crystalline structure is directly probed. Since q has again only a perpendicular component q z , the length 2/q z , here the spacing a of the ͑001͒ planes, is sampled. layer model, assuming a particular lattice constant distribution, the crystalline quality of the CoSi 2 layers may be obtained.
IV. RESULTS AND DISCUSSION
The following conclusions may be drawn from the true specular reflectivities shown in Fig. 3 . In the case of perfect layers without interface roughnesses the x-ray reflectivity of a thin CoSi 2 layer underneath a thick SiO 2 layer is expected to yield two different well separated oscillations. However, interface roughnesses may modify the picture considerably. The reflectivities of Fig. 3 display only one distinct modulation. This modulation is most pronounced for the first reflectivity curve that corresponds to the nonoxidized sample. From the oscillation period a thickness of d CoSi 2 ϭ313 Å of the CoSi 2 films is obtained. This is in good agreement with the value of 300 Å, which was determined by Rutherford backscattering spectroscopy.
The other fits suffer from the limited number of data points that are present after the subtraction of the diffuse scattering data. The CoSi 2 oscillations are still pronounced for all samples, while the SiO 2 layer is hardly visible. This is a clear indication of rough interfaces of the grown oxide layers. Since the true specular reflectivity drops more quickly for the samples with the larger oxidation times, the respective interfaces are less perfect. However, the information about the SiO 2 film thicknesses can be extracted more precisely from the dip in the intensity after the critical angle ␣ c,SiO 2 corresponding to the oxide layer. Since CoSi 2 is the denser material (␦ CoSi 2 Ͼ␦ SiO 2 ) the critical angle is larger and hence the reflected intensity increases even for ␣ i Ͼ␣ c,SiO 2 .
Here the x rays can penetrate through the SiO 2 layer but they are still totally reflected by the CoSi 2 layer underneath. Since the reflected intensity is affected by absorption within the SiO 2 cap layer, one is nevertheless sensitive to the oxide layer thickness and interface morphologies. The information is contained in the drop of the reflectivity in the region ␣ c,SiO 2 Ͻ␣ i Ͻ␣ c,CoSi 2 . The determination of the SiO x film thicknesses and roughnesses from the drop after ␣ c,SiO 2 is less accurate compared to a fit to reflectivity oscillations. Furthermore, the fits presented in Fig. 3 are far from being perfect for the samples with larger oxidation times. Therefore, the error bars are quite large.
All fit results are summarized in Table II and the respective dispersion ͑i.e., vertical electron density͒ profiles are displayed in Figs. 5 and 6. Here z is the coordinate perpendicular to the surface. The CoSi 2 layers can be seen clearly. The vertical dashed lines indicate the respective SiO 2 /air interfaces. The density profiles reveal that the interfaces become rougher with increasing oxidation time. Particularly, the magnification of the density profiles of the CoSi 2 layers ͑see Fig. 6͒ shows that the quality of the buried films is strongly reduced by the oxidation process. This was also suggested by the diffusely scattered intensity as discussed before and can be seen in Fig. 3 where the true specular reflectivities are depicted.
Since the interfaces are very rough the so-called effective density model was used to explain the data. Within this model the density profiles are parametrized by layers with given probability functions. For a layer system with small roughnesses and thick layers, this leads to well separated interfaces and the Parratt formalism to calculate the reflectivity may be applied. Arbitrary continuous density profiles are modeled by introducing very thin and rough transition layers. To calculate the reflectivity with the Parratt formalism the profile needs then to be sliced into very small sublayers. In this case, one has to check the meaning of the roughness and the layer thickness of the transition layers very carefully, because the roughness may exceed the thickness ͑even negative thicknesses would be allowed͒. These values should be treated as parameters which model the actual density profile and not as properties of the layers ͑for details see Ref. 34 and references therein͒.
The nature of the oxide growth process may also be extracted quantitatively from our data. An increase of the thickness d SiO 2 of the SiO 2 layers with increasing oxidation time t can be seen. This increase may be explained with a linear-quadratic growth model yielding the following equation for the time dependence of d SiO 2 :
with the oxidation time t, constants A and B which are connected with the respective growth parameters ͑diffusion constants, concentrations etc.͒, and ϭ(d 0 2 ϩAd 0 )/B, where d 0 is an oxide layer that is present before the wet oxidation process starts. [35] [36] [37] [38] [39] [40] For large times t the linear term in Eq. ͑1͒ may be neglected and one obtains a purely quadratic growth law
where B is essentially proportional to the diffusion constant of the oxygen transport through the oxide layer. Since the oxygen diffusion is the slowest process in the formation of the oxide layer, the growth of the oxide layer of our samples is diffusion limited. Figure 7 shows the thicknesses of the SiO 2 layers obtained from the fits of the true specular reflectivity data versus the oxidation time t. A fit with Eq. ͑2͒ is given by the solid line in Fig. 7 . The square-root increase ͑Ϸ0͒ of the film thickness can be seen clearly, suggesting that the growth of the oxide layers is indeed diffusion limited. While the above considerations only yield information about the mesoscopic properties of the samples, atomic information has to be extracted from scattering around Bragg reflections. 25 Figure 4 shows the data and the fits for the nonoxidized sample CS#1 and for samples CS#2, CS#3, and CS#4.
First of all the maximum of the broad CoSi 2 ͑004͒ reflection of the nonoxidized sample CS#1 is located at q z ϭ4.74 Å Ϫ1 , which is between the value for a completely relaxed structure and that of a pseudomorphically grown CoSi 2 layer, whereas the q z value of the CoSi 2 peaks for the oxidized samples q z ϭ4.76 Å Ϫ1 is remarkably larger. The position corresponds to the compressed vertical lattice constant for a completely pseudomorphic CoSi 2 layer on Si͑001͒. 3 This shows that the oxidation process increases the strain in the CoSi 2 layer.
The broad CoSi 2 Bragg peaks were refined more quantitatively with overlapping Laue interference functions, whose maxima are at the location of the vertical dashed lines in Fig. 4 . For the nonoxidized sample three Laue functions are necessary to explain the data points. This shows that even for sample CS#1 a certain degree of strain is present in the CoSi 2 layer. The strain increases by the subsequent oxidation because the data for the oxidized samples have to be explained by assuming at least four Laue functions. Furthermore, this is in agreement with our recent results for buried CoSi 2 layers. 3 The positions of the maxima yield the mean lattice constants of the CoSi 2 layers. This may suggest that the layers did not grow homogeneously over the sample area. Table III summarizes the results of the Laue fits.
Fitting the CoSi 2 Bragg peaks with different Laue functions means that the samples consist of laterally separated regions with different lattice constants and therefore different amounts of strain. A TEM micrograph of sample CS#4 ͑Fig. 8͒ revealed that the sample locally possesses smooth interfaces with a spatial extend of about 3000 Å but with varying layer thicknesses on larger length scales. This explains both the large rms roughness and the broad strain distribution. The large rms roughness stems from the lateral averaging over a surface area which is 100 times larger than the size of the smooth interface regions, and therefore represents prima- rily the thickness variation of the CoSi 2 layer. Depending on the local thickness, the strain in the CoSi 2 and the adjacent Si substrate varies as can be seen in the TEM micrograph ͑Fig. 8͒. This leads to the observed broad lattice parameter distribution of the oxidized samples.
V. SUMMARY AND OUTLOOK
We have investigated buried CoSi 2 layer systems by x-ray specular reflectivity and crystal truncation rod scattering. The samples were prepared by MBA and a subsequent wet oxidation process.
It is shown that the formation of the oxide layers on top of the CoSi 2 films is a diffusion limited process. This was identified by a quadratic growth law for the oxide formation. The nonoxidized sample shows well defined oscillations of the true specular reflectivity corresponding to a CoSi 2 layer with small interface roughness. The subsequent oxidation process leads to a drastic increase of the interfacial roughnesses: The longer the oxidation process takes place, i.e., the thicker the cap oxide layer is, the rougher the interfaces are. The density profiles reveal further that the increase of the roughness can be detected at both sides of the CoSi 2 layer. The crystalline quality of the layer systems was investigated by CTR measurements around the ͑004͒ Si and CoSi 2 Bragg reflections. All measurements show asymmetric CoSi 2 peaks that can be explained by a lattice constant variation over the sample surface. Nevertheless, the oxidation leads to a strong pseudomorphic structure.
Further investigations of samples that have been prepared under different growth conditions may yield information about preparation parameters, which leads to samples with better interface quality. These samples may be of considerable interest for future applications in microelectronic devices.
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